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ABSTRACT
Material Characterization Using Nuclear Magnetic Resonance
Giovanna Marcella Pope
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
Nuclear magnetic resonance techniques can provide highly accurate information about the
local environment of both liquid and solid samples. In the first half of this dissertation research,
solid state NMR has provided experimental evidence for turbostratic disorder in layered covalent
organic solids. Additionally, comparison with candidate structures allowed a proposed correction
to the accepted structure of Covalent Organic Framework-5. The second half of the dissertation
work emphasized liquid NMR spectroscopy applied to doped iron oxides (IOs). In particular, the
effect of IOs on water proton T2 relaxation times were determined as a measure of contrast agent
efficacy. Both types of data lend towards structure elucidation for material efficiency.

Keywords: COF, space group, contrast agent, relaxation

ACKNOWLEDGEMENTS
I would like to first acknowledge my family, beginning with my fiancé, Demetrius
Vazquez-Molina, for his guidance and total support for me during the last part of my undergraduate
degree and onward. He is a constant source of inspiration and a reminder of the precious moments
in life. I was able to grow emotionally and mentally throughout my time in the doctoral program
because of his love and belief in me both as a scientist and as a life partner. I am also incredibly
grateful for my beautiful parents, Dolores, and William Butcher, who helped remind me of the
goals I was achieving and to persevere for no one if not myself. Although, I would be lying if I
didn’t admit that making them proud is what drove me more times than once. My two brothers,
Victor and Rocco, and my best friend, Sandra, have shown me time and time again what the true
meaning of family is. I will always do the same for them, as they deserve nothing less. Finally, I
thank my grandmother Mary Ann and my cousin Annika who always put a smile on my face when
I would hear their voices. The generations between us are only a number while the love is
unquantifiable. I am forever grateful to them all.
I would also like to acknowledge my committee, beginning with my graduate advisor, Dr.
Scott Burt, for taking me in as his fist student. I was unsure of where graduate school might take
me at one point but ended up finding a mentor who encouraged me to become even more
independent and prosper. My other committee members were also very helpful throughout my
time in graduate school.

TABLE OF CONTENTS
Material Characterization Using Nuclear Magnetic Resonance ...................................................... i
ABSTRACT.................................................................................................................................... ii
ACKNOWLEDGEMENTS ........................................................................................................... iii
TABLE OF CONTENTS ............................................................................................................... iv
LIST OF FIGURES ....................................................................................................................... vi
LIST OF TABLES ......................................................................................................................... ix
CHAPTER 1: Introduction ............................................................................................................. 1
1.1

Introduction to Nuclear Magnetic Resonance...................................................................... 1
1.1.1

Applications of nuclear magnetic resonance ............................................................ 1

1.1.2

Basic principles of nuclear magnetic resonance ....................................................... 3

1.2

Solid State NMR ................................................................................................................ 13

1.3

Magnetic Resonance Imaging ............................................................................................ 15
1.3.1

Introduction to MRI ................................................................................................ 15

1.3.2

Contrast agents ........................................................................................................ 18

1.3.3

Mechanism .............................................................................................................. 21

CHAPTER 2: Characterizing the turbostratic disorder in COF-5 with NMR crystallography .... 25
2.1

Abstract .............................................................................................................................. 25

2.2

Introduction ........................................................................................................................ 25
iv

2.3

Experimental ...................................................................................................................... 29

2.4

Results and Discussion ...................................................................................................... 31

2.5

Conclusions ........................................................................................................................ 36

2.6

References .......................................................................................................................... 38

CHAPTER 3: Synthesis and characterization of Mg2+ and Mn2+ doped iron oxide nanoclusters as
T2 MRI contrast agents.................................................................................................................. 43
3.1

Abstract .............................................................................................................................. 43

3.2

Introduction ........................................................................................................................ 43

3.3

Experimental ...................................................................................................................... 47

3.4

Result and Discussion ........................................................................................................ 51

3.5

Conclusion ......................................................................................................................... 59

3.6

References .......................................................................................................................... 61

CHAPTER 4: Conclusion ............................................................................................................. 64
REFERENCES ............................................................................................................................. 66
APPENDICES I: COF-5 ............................................................................................................... 71
APPENDICES II: MRI CONTRAST AGENT ............................................................................ 76

v

LIST OF FIGURES
Figure 1-1: Bulk magnetization vector within a sample ................................................................. 4
Figure 1-2: Classical depiction of torque on a nucleus ................................................................... 5
Figure 1-3: Depiction of precession of a spin ................................................................................. 6
Figure 1-4: Longitudinal relaxation ................................................................................................ 7
Figure 1-5: Transverse relaxation ................................................................................................... 7
Figure 1-6: Applying a 90° radiofrequency (RF) pulse with a phase of 0° .................................... 9
Figure 1-7: Spin echo sequence. ................................................................................................... 11
Figure 1-8: Solid-state versus liquid NMR lineshape. .................................................................. 14
Figure 1-9: Powder pattern, spinning sidebands, and averaged signal of SSNMR sample. ......... 14
Figure 1-10: Applying a gradient for frequency encoding of a selected slice .............................. 17
Figure 1-11: Three gradient coils in the x, y, and z directions. .................................................... 17
Figure 1-12: A depiction of outer-sphere theory. ......................................................................... 22
Figure 1-13: The three main regimes (MAR, SDR, and PRR) ..................................................... 23
Figure 2-1: An illustration COF structures. .................................................................................. 27
Figure 2-2: An illustration of the space groups created for candidate structures ......................... 30
Figure 2-3: The FIREMAT spectrum of COF-5. .......................................................................... 32
Figure 2-4: An illustration of a pore of COF-5. ............................................................................ 32
Figure 2-5: The experimental powder x-ray diffraction (PXRD) pattern for COF-5 ................... 35
Figure 2-6: An illustration of a mixed phase material involving the flavonoid catechin ............. 37
Figure 3-1: Effects of shortening T1 and T2 on various structures within the body. ..................... 44
Figure 3-2: SEM images for the Mg+2 and Mn+2 doped IO nanoparticles .................................... 52
Figure 3-3: Scanning TEM images of the Mg+2 and Mn+2 doped IO nanoparticles. .................... 53
vi

Figure 3-4: Powder X-ray diffraction pattern of IO NPs .............................................................. 54
Figure 3-5: Scanning TEM images of individual Mn+2 Mg+2 iron oxide nanoclusters ................ 55
Figure 3-6: DLS measurements of the size distribution of the IO nanoclusters. .......................... 56
Figure 3-7: Experimentally determined relaxivity of NC contrast agent. .................................... 57
Figure 3-8: Experimentally determined relaxivity of commercial Gd T1 contrast agent .............. 59
Figure AI-1: Correlation data for COF-5. ..................................................................................... 74
Figure AI-2: Comparison of all Cmcm candidate structures with corresponding NMR fits. ....... 75
Figure AI-3: Comparison of all P21/m candidate structures with corresponding NMR fits......... 75
Figure AII-1: Sample from GMP-I-41 .......................................................................................... 76
Figure AII-2: Sample from GMP-I-41 .......................................................................................... 77
Figure AII-3: Sample from GMP-I-41 .......................................................................................... 77
Figure AII-4: Sample from GMP-I-41 .......................................................................................... 78
Figure AII-5: Sample from GMP-I-75 .......................................................................................... 78
Figure AII-6: Sample from GMP-I-75 .......................................................................................... 79
Figure AII-7: Sample from GMP-I-84 .......................................................................................... 79
Figure AII-8: Sample from GMP-I-128 ........................................................................................ 80
Figure AII-9: Sample from GMP-I-128 ........................................................................................ 80
Figure AII-10: Sample from GMP-I-128 ...................................................................................... 81
Figure AII-11: Sample from GMP-I-41 ........................................................................................ 81
Figure AII-12: Sample from GMP-I-128 ...................................................................................... 82
Figure AII-13: Sample from GMP-I-128. ..................................................................................... 82
Figure AII-14: Sample from GMP-I-84 ........................................................................................ 83
Figure AII-15: STEM images of nanoclusters from GMP-I-94. .................................................. 83
vii

Figure AII-16: STEM images of nanoclusters from GMP-I-94 ................................................... 84
Figure AII-17: DLS data obtained for the clusters presented in CH 3. ........................................ 84
Figure AII-18: EDX data for control, small particle, and large particle of Mn iron oxide........... 85
Figure AII-19: Representative EDX data of a cluster made from Mn ferrite nanoparticles ......... 86
Figure AII-20: EDX of cluster sample made from GMP-I-84 ..................................................... 86

viii

LIST OF TABLES
Table 2-1: COF-5 13C shift assignments ....................................................................................... 33
Table 3-1: Average cluster size obtained from DLS data ............................................................. 56
Table 3-2: NMR T2 values listed. ................................................................................................. 57
Table 3-3: T2 relaxation data obtained on a 300 MHz spectrometer. ........................................... 58
Table AI-1: Offsets for the 24 Cmcm candidate structures........................................................... 72
Table AI-2: Offsets for the 26 P21/m candidate structures ........................................................... 73
Table AII-1: List of T1 and T2 values for the IO nanocluster solutions. ....................................... 87
Table AII-2: Parameters for the Inversion Recovery and CPMG experiments for NCs .............. 87
Table AII-3:The range of inversion recovery delays for the different IO nanocluster solutions. 88
Table AII-4: The range of CPMG delays for the various IO nanocluster solutions. .................... 89
Table AII-5: List of T1 and T2 values for the GBCA solutions with the associated error. ........... 90
Table AII-6: Parameters for the Inversion Recovery and CPMG experiments GBCA solutions. 90
Table AII-7: The range of inversion recovery delays for the different GBCA solutions. ............ 91
Table AII-8: The range of CPMG delays for the various GBCA solutions.................................. 92
Table AII-9: Relative Mg, Mn, and Fe mole ratios. ..................................................................... 92

ix

CHAPTER 1: Introduction
1.1 Introduction to Nuclear Magnetic Resonance
There is an abundance of spectroscopic techniques that target different physical features to
probe structure. Most of these techniques exploit short wavelength electromagnetic radiation to
excite a molecule and gain insight into its structure. These methods include ultraviolet-visible
(UV/vis), infrared (IR), Raman, and the relatively new and powerful technique of terahertz (THz)
spectroscopy.1-3 However, we are not restricted to short wavelengths to investigate structure; we
can in fact learn about local environment using nuclear magnetic resonance (NMR).4 In this
technique, oscillating magnetic fields in the radiofrequency range are used to probe the local
environment of nuclear magnetic dipole moments. A complete introduction to nuclear magnetic
resonance techniques discussing all of the theoretical and experimental applications is beyond the
scope of this dissertation. This introduction will provide a brief overview of those concepts
required to understand my research; specifically, this introduction addresses several applications
of magnetic resonance (1.1.1), the fundamental principles of NMR spectroscopy (1.1.2), and some
basic principles of magnetic resonance imaging (MRI) (1.2.3). The reader is encouraged to pursue
the references for more detailed descriptions of this versatile technique.

1.1.1 Applications of nuclear magnetic resonance
The principle of nuclear magnetic resonance was first demonstrated in 1938 by Isidor Rabi
and coworkers in a molecular beam experiment.5 Less than a decade later, in 1946, NMR was first
observed in bulk matter independently by two groups of physicists – the group of Felix Bloch, W.
W. Hansen, and M. E. Packard, as well as the group of Edward Purcell, R. Pound, and H. Torrey.5
1

The range of applications that NMR-based techniques can be applied to has grown tremendously,
providing many techniques that are regularly used across many disciplines.6-8
For example, NMR spectroscopy is an indispensable tool used by chemists to study
chemical, physical, and structural properties of liquid, solid, and amorphous materials.9-11
Information regarding chemical composition, dipole moments, stereochemistry, molecular
conformation, and even binding interactions are determined through NMR experiments.11,12 NMR
has also been combined with computational chemistry to provide accurate crystal structures as
well as molecular dynamics simulations to investigate the binding states of proteins.12,13 In addition
to molecular structure and materials characterization, nuclear magnetic resonance was already
being applied as a noninvasive medical diagnostic by the 1980’s as a tool to identify a variety of
abnormalities in the brain, spinal cord, and soft tissue.14-16 There are many medical applications of
NMR beyond simple molecular structure; one current example being the study of protein kinases
using NMR to understand oncogenic mutations and drug-resistance mechanisms.17
The appeal of this technique is attributed to the strong influence that it gives us over the
quantum evolution of the system. Light- and air-sensitive samples can be analyzed by NMR
spectroscopy because the sample container’s optical opaqueness is irrelevant for magnetic
detection. Regarding medical applications, magnetic fields at radio frequencies provide a safer
diagnostic approach compared to those techniques employing ionizing radiation such as X-ray
(including both planar X-ray and CT scans).
Historically, NMR was used to obtain information on local structure for molecules in both
the liquid and solid states. In recent years, solid state NMR (SSNMR) based crystallography has
been developed to provide accurate crystal structures for both molecular and ionic solids.13 This
approach takes experimentally determined chemical shift data and compares it to theoretical data
2

obtained from modeling candidate structures. This method is successful because of the sensitivity
of the chemical shift tensor and the ability of SSNMR line shapes to distinguish long-range
disorder within a crystallite vs. disorder between the individual crystallites.18 While X-ray
diffraction is typically used to determine the structure of a crystal, polycrystalline systems can be
difficult, if not impossible, to differentiate between multiple space groups from just an XRD
pattern. Additionally, NMR crystallography is particularly attractive for studying information
concerning amorphous and disordered systems as well as the presence of guest molecules and their
dynamics.13 However, NMR crystallography is often combined with diffraction-based methods to
check for consistency.13
My research has applied several different magnetic resonance techniques to characterize a
variety of materials. Specifically, I have employed SSNMR crystallography to characterize the
turbostratic disorder in COF-5 using the chemical shift tensor (Ch. 2). I have also used NMR
relaxation measurements to characterize the efficiency of iron-oxide nanoparticle-based contrast
agents (Ch 3).

1.1.2 Basic principles of nuclear magnetic resonance
A magnetic system that has both angular momentum and a magnetic moment can exhibit
the phenomenon known as magnetic resonance.19 Nuclear magnetic resonance is a quantum
mechanical effect that arises from the interaction between the magnetic moments of nuclei and
magnetic fields. This concept was first demonstrated in condensed matter in the mid-1940’s by
Bloch and Purcell.5 Specifically, nuclear magnetic resonance involves the interaction between
magnetic nuclei subjected to a radiofrequency field oscillating at a resonant frequency in the
presence of an externally applied static magnetic field. The resonant frequency is called the Larmor
3

frequency (𝜔𝐿 ) and is defined by the strength of the applied magnetic field (Bo) and the
gyromagnetic ratio, 𝛾:20
𝜔𝐿 = -𝛾Bo
The gyromagnetic ratio is the ratio of the system’s magnetic moment to its angular momentum.
The behavior of the bulk nuclear magnetization can be represented by a vector, 𝐌, that can
be tracked using the Bloch equation:21
𝑀𝑥 𝐢 + 𝑀𝑦 𝐣 (𝑀𝑧 − 𝑀o )𝐤
𝑑𝐌
= 𝐌 × γ𝐁 −
−
𝑑𝑡
𝑇2
𝑇1
where unit vectors i and j represent the unit vectors in the x- and y-directions, respectively, and k
is the unit vector in the z-direction; Mx, My, and Mz are the components of the bulk magnetic
moment vector, and Mo is the magnitude of the bulk magnetic moment at thermal equilibrium. M
arises from the sum of the individual nuclear magnetic moments (𝜇) within the sample, usually for
one specific type of nucleus (e.g., 1H or 13C).

Figure 1-1: Bulk magnetization vector within a sample subjected to a magnetic field B0.

4

The first part of the Bloch equation has a similar form to that of torque in classical physics,22
𝚻 = 𝝁 × 𝑩𝟎
where the bulk magnetization vector is represented by 𝝁. The torque on the magnetic moment of
that object is represented in Figure 1-2. When torque is applied to an object that possesses angular
momentum, the object will precess at 90° with respect to the two vectors. If the object in question
is a nucleus with both a magnetic dipole moment and spin angular momentum, the nucleus will
precess at a fixed angle with respect to the static magnetic field.22 This precession is analogous to
a spinning top, where the rate of change of the spin’s total angular momentum (𝑳) is determined
by the torque, 𝚻, acting on it (Fig. 1-3).23
𝑑𝑳
=𝑻
𝑑𝑡

Figure 1-2: Classical depiction of torque on a nucleus in an applied static field.

The equations above predict that a bulk magnetic moment that is not aligned with the
magnetic field would simply precess forever; however, this clearly isn’t the case as we know the
5

Figure 1-3: Depiction of precession of a spin’s angular momentum (left) and magnetic moment
(right).
system relaxes to thermal equilibrium. Just like when a spinning top encounters frictional bearings,
eventually, a precessing spin will align with B0 due to spin-lattice (longitudinal) relaxation and
allows the nuclear spin to relax to the orientation with lowest energy (aligned with the field).23 The
parameter describing this relaxation is referred to as T1 (Fig. 1-4) In addition to this, another
relaxation mechanism simultaneously occurs in the transverse plane, referred to as transversal
relaxation, or T2 (Fig. 1-5).23 Both mechanisms contribute to driving the overall magnetization of
the sample towards thermal equilibrium, as can be seen in the Bloch equation.
Whereas the previous analysis invoked a classical approach, a quantum mechanical
approach is required in order to consider the interaction energy of the system, which involves the
Hamiltonian. We define the Hamiltonian for such a system as:19
ℋ = −𝝁 ⋅ 𝐁
Recall that the magnetic moment of a given nucleus can be related to its total angular momentum
by the gyromagnetic ratio:
𝝁 = 𝛾𝑱
6

Figure 1-4: Longitudinal relaxation: the exponential recovery of magnetization along the z-axis.
T1 refers to when 63% of the initial magnetization (Mo) has been recovered .

Figure 1-5: Transverse relaxation: the decoherence of the bulk magnetization vector.
7

Furthermore, the total angular momentum operator may be defined by an angular momentum
operator scaled by the reduced Planck’s constant:
𝑱 = ℏ𝑰
Conventionally, the static magnetic field 𝐁 is oriented along the z-axis. As a result, the Hamiltonian
is simplified to the interaction between the z-components of both 𝐁 and 𝝁 such that:
ℋ = −𝜇𝑧 B0
Combining the previous three equations, we can represent 𝜇𝑧 with the z-component of the angular
momentum operator, 𝑰:
ℋ = −𝛾ℏB0 𝐼𝑧
1

For simplicity, we will focus on spin ½ nuclei (𝐼𝑧 = ± 2). The resulting eigenvalues of this
Hamiltonian, and thus the energies, are ±𝛾ℏB0. If a transition is to occur, the energy absorbed
must be exactly the difference in energy between the two levels. In spectroscopy, we relate this
change in energy to the angular frequency:
ℏ𝜔 = ∆𝐸
This tells us that the allowed transitions between adjacent energy levels occur at 𝜔 = 𝛾B.19 For
stable nuclei, the maximum magnitude of 𝛾 is approximately 42.6 MHz/T for 1H.24 This means
that the resonant frequency, which depends on the strength of the applied static magnetic field, can
vary. For typical strengths of persistent superconducting magnetic fields (where B0 lies between 1
to 21 T) the resulting resonant frequencies range from tens to hundreds of MHz. At this frequency,
we are in the radio wave region of the electromagnetic spectrum. To interact with the system at
this resonant frequency, we can apply a second, oscillating magnetic field, 𝐵1 𝐢, that oscillates or
rotates at the resonant radiofrequency (Fig. 1-6).25
8

Figure 1-6: Applying a 90° radiofrequency (RF) pulse with a phase of 0° (i.e., around +x).
This brief period when 𝐵1 is applied is called the RF pulse. By applying this pulse at the
resonant frequency perpendicular to 𝑩𝟎 , we cause the spins to precess around 𝑩𝒆𝒇𝒇 . The longer
the pulse, the further it precesses around 𝑩𝟏 . Once the 𝑩𝟏 pulse is turned off, the spins precess
around 𝐵0 again and begin relaxing according to T1 and T2.
Multiple pulses may be applied before or after 𝝁𝒕𝒐𝒕𝒂𝒍 has realigned with the field.26
Depending on the type, duration, and number of pulses applied, different signals will be observed
that depend on the properties of the material being analyzed. For example, the spin echo is an
important pulse sequence that can be used to measure something as simple as the T2 relaxation to
things more sophisticated like diffusion coefficients27 and porosity28 (Fig. 1-7). The spin echo
requires two RF pulses: a 90° pulse followed by a 180° pulse.29 The initial 90° pulse rotates the
bulk magnetic moment from the z-axis into the transverse plane. After some amount of time, 𝜏, a
180° pulse is applied, known as the refocusing pulse. Note: during the time delay 𝜏, the spins begin
to dephase due to the differences in their local environments (i.e., T2 relaxation occurs). The second
pulse flips all the spins by 180° which reverses the order of those spins precessing slightly faster
than the Larmor frequency with those that were precessing slightly slower than the Larmor
9

frequency. Because of this, after another time delay of 𝜏, the spins will refocus, which gives rise
to the echo in the signal. It’s worth noting that there are two distinct processes that contribute to
the dephasing of the signal: reversible dephasing due to constant effects (e.g., differences in the
precession frequency due to static, spatial variations in the magnetic field) and irreversible
dephasing due to random effects (e.g., loss of magnetization in the transverse plane due to the T1
relaxation or random diffusion through regions with different magnetic field strengths). The
reversible dephasing is refocused by the 180° pulse, but the irreversible dephasing results in an
echo that has a lower intensity than the original signal. A train of echoes allows us to measure the
true T2 relaxation rate based on the decreasing echo intensity as opposed to the T2* relaxation that
includes reversible dephasing (e.g., from magnetic field gradients). There are many types of NMR
experiments that have differing pulse sequences, durations, etc. that allow for various pieces of
local information to be determined from the spectra.26 A practical example is provided in Ch 3.
The most common way that NMR spectra are interpreted is based on the chemical shifts.30 The
signal frequency from a particular NMR-active nucleus depends on both the applied magnetic field
and the local magnetic environment, which is described by the chemical shielding factor, σ:
𝜈𝑖 = −

𝛾
𝐵 (1 − 𝜎𝑖 )
2𝜋 0

The magnetic field dependence becomes problematic when comparing NMR signals from different
instruments because even two “500 MHz” instruments will have magnetic field strengths that
differ by tens to hundreds of kHz. Moreover, a single instrument has enough drift in the magnetic
field strength that this complicates comparing raw frequencies of spectra on the

10

Figure 1-7: Spin echo sequence.

same instrument. To get rid of the dependence on magnetic field, we convert the NMR frequencies
into chemical shifts as:20
𝛿=

𝜈 − 𝜈𝑇𝑀𝑆
𝜈𝑇𝑀𝑆

The difference in frequencies are on the order of hundreds of Hz while the nominal frequency is
on the order of hundreds of MHz, so the magnitude of this ratio is on the order of 10 -6, which is
why the standard practice is to report the chemical shift in units of parts-per-million (ppm).
11

In the early days of NMR, there were different reference compounds used for different
spin-active isotopes, including TMS for 1H,
dimethyl mercury for

13

C, and

29

Si; 85% H3PO4 for

31

P, CFCl3 for

19

F,

199

Hg, etc.30 Due to the toxicity of the methylated heavy metal references

and the difficulty of using compounds like concentrated phosphoric acid and chlorofluorocarbons,
the International Union of Pure and Applied Chemistry (IUPAC) recommended that
tetramethylsilane (TMS) be the standard for all nuclei observed via NMR. In short, the 2H
frequency of all deuterated solvents was measured relative to TMS allowing all chemical shifts for
all NMR-active isotopes to be referenced relative to TMS using the 2H lock frequency as a
secondary reference without the need for an internal reference added to the sample.30
While NMR experiments provide information about a system through chemical shift
values, it is important to recall that chemical shielding is what gives rise to chemical shift. In the
discussion above, the Hamiltonian for our NMR system was defined for a bare nucleus without
any regard to the chemical shielding. In reality, we consider the unique electronic environments
surrounding a given nucleus. By doing so, the Hamiltonian becomes:31
ℋ𝑡𝑜𝑡𝑎𝑙 = ℋ𝑛𝑍 (𝐻) + ℋ𝑒𝑛 + ℋ𝑒 (0) + ℋ𝑒𝑍 (𝐻)
The 3 additional terms, ℋ𝑒𝑛 , ℋ𝑒 (0), and ℋ𝑒𝑍 (𝐻), account for the interaction between nuclear
spins and the electron orbital and spin coordinates, the orbital and spin of the electrons in the
absence of the statice field, and the electronic Zeeman energy, respectively. The reason for the
non-zero ℋ𝑒𝑛 term is a consequence of the electron system becoming polarized when placed inside
of the applied field (ℋ𝑒𝑍 (𝐻)). The electronic environment not only depends on the number of
electrons associated with a given atom, but also due to the effect of the local environment (i.e.,
neighboring atoms) on these electrons. The details of predicting all these effects is beyond the
scope of this dissertation. In short, all these effects are summarized by the chemical shielding of
12

the nucleus, which is a 3D property of the electronic environment. Thus, the chemical shift is
dependent on the orientation of the molecule with respect to the magnetic field. The relationship
between shielding and shift is then:32
𝛿 = 𝜎𝑖𝑠𝑜 − 𝜎(𝜃) = 𝜎𝑖𝑠𝑜 − ∑𝑐(𝜃 )𝜎𝑖
The shielding tensor can be represented by the isotropic shielding (𝜎𝑖𝑠𝑜 ), which is the trace of the
complete shielding tensor 𝝈, and a linear combination of the three principal components of the
complete shielding tensor, 𝜎𝑋𝑋 , 𝜎𝑌𝑌 , 𝜎𝑍𝑍 .

1.2 Solid State NMR
In liquids, the molecules are moving on a time scale that is faster than the timescale of
observation.33 This causes the anisotropic interactions to average to their isotropic value, which
can be seen by comparing the relatively narrow (Lorentzian) lineshapes observed in liquid NMR
spectra to the much larger powder patterns observed in a static solid state NMR spectra (Fig. 18).34 The broad lineshapes observed in static SSNMR spectra results from the rigid lattice that
restricts molecular motion. As described above, the chemical shift is actually orientation
dependent, so a sample that consists of a solid powder will have crystallites in every possible
orientation, resulting in a large distribution of observed frequencies35 Additional techniques have
been created to force these anisotropic interactions to average away to 0, including sample rotation
at the magic angle (Fig. 1-9).36
The chemical shielding tensor describes the electron density that surrounds a nucleus and
is represented by a 3x3 matrix.
𝜎𝑥𝑥
𝜎 = [𝜎𝑦𝑥
𝜎𝑧𝑥

𝜎𝑥𝑦
𝜎𝑦𝑦
𝜎𝑧𝑦
13

𝜎𝑥𝑧
𝜎𝑥𝑦 ]
𝜎𝑧𝑧

Figure 1-8: Solid-state versus liquid NMR lineshape.

Figure 1-9: Powder pattern, spinning sidebands, and averaged signal of SSNMR sample.

In a solid-state NMR calculation (e.g., CASTEP)37, the principal components of the
diagonalized matrix (𝜎𝑋𝑋 , 𝜎𝑌𝑌 , 𝜎𝑍𝑍 ) are computed.13 These values can then be compared to the
principal components of the chemical shielding powder pattern (𝛿11 , 𝛿22 , 𝛿33 ). In order to measure
14

the principal values from the powder pattern, we need to resolve the overlapping powder patterns.
For large span tensors, 5π magic angle turning (MAT) experiments are well-suited due to the S/N
being distributed over a wider range of shifts. In particular, the Five pi Replicated Magic Angle
Turning (FIREMAT) experiment is a 2-dimensional SSNMR experiment that separates the
anisotropic chemical shift powder patterns for chemically unique

13

C atoms based on their

isotropic shift values.38 The isotropic chemical shifts are recorded in the indirect dimension,
whereas the powder patterns are recorded in the direct dimension. As a result, systems that have
either a large number of unique

13

C resonances or contain several similar carbon environments

(i.e., pi systems), can be resolved with this method (see Fig 2-3). Note: in general, the principal
components of the diagonalized matrix are linear combinations of the principal components
obtained from the powder pattern.39 The principal components of the chemical shielding tensor
offer valuable insights for a compound, including relative energy of frontier orbitals, presence of
hydrogen bonding, and tunneling effects. Additionally, the crystal structure of materials and even
proteins can be determined though the comparison of the shielding and shift values of simulated
candidate structures and experimental data, respectively.13

1.3 Magnetic Resonance Imaging
1.3.1 Introduction to MRI
The extension of MR as a medical diagnostic tool has been employed since the 1970’s.40
The primary advantage of this technique over the other non-invasive methods (i.e., planar X-ray
and CT scans) is the absence of ionizing radiation. While the foundation of MRI is based on the
results established by Purcell and Bloch,5 an additional type of field is required to generate images
from NMR signals. In 1973, Paul Lauterbur provided the first magnetic resonance image.41 He
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realized that applying a magnetic field gradient during signal detection created an image that was
a projection of the sample perpendicular to the direction of the field gradient. This creates spatial
localization which allows an image to be reconstructed from multiple projections similar to the
process used for a CT scan. For example, applying a magnetic field gradient along the x-direction
causes the frequency of the spins to be a function of their position with respect to the x-axis41:
𝐵𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 𝐵0 + 𝐺𝑥 𝑥
where 𝐺𝑥 =

𝑑𝐵𝑧
𝑑𝑥

. This results in spatially dependent Larmor frequency:
𝜔(𝑥) = 𝛾(𝐵0 + 𝐺𝑥 𝑥) = 𝜔0 + 𝛾𝐺𝑥 𝑥

Turning on this gradient field after an excitation pulse produces an FID that contains a range of
frequencies. Converting the FID from the time domain to the frequency domain via Fourier
transform produces a spectrum where the intensity at each frequency is proportional to the amount
of sample located at that x-position (Fig. 1-10). Through this methodology, spatial resolution is
encoded in contrast images and reflects numerous physical properties, including diffusion, flow,
and relaxation.42
When a gradient is applied in one direction, a one-dimensional image can be obtained. To
generate two-dimensional images, it follows that a gradient must be applied in two dimensions.
Conventional MRI imaging methods that do this include the projection-reconstruction method and
the 2D Fourier transform (2DFT) method.21 Both methods ultimately produce a three-dimensional
image by compiling an array of two-dimensional slices. To achieve 2D selective excitation for a
given region, both a gradient pulse (G) and selective pulse (B1) are required. The B1 field is tuned
such that the bandwidth frequency matches the range of frequencies of spins within the desired
slice. An MRI scanner contains three gradient coils, one for each axis. (Fig. 1-1143). By altering
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Figure 1-10: Applying a gradient for frequency encoding of a selected slice, followed by a Fourier
transform of the time domain signal. Then, each individual position along the slice is assigned with
its corresponding amplitude to generate an MRI contrast image.

Figure 1-11: Three gradient coils in the x, y, and z directions.43

the strength of the gradient applied in each direction; the magnetic field gradient can made to point
at any orientation.
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A fundamental pulse sequence in routine clinical MRI is the spin echo.44 Echo time acquisition
parameters are selected based on the parameter being exploited (i.e., nuclear spin density, T1, or
T2) to generate an MRI image.45 One such example is the Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence, which employs a train of spin echoes. Collecting a train of echoes improves the
S/N per scan as well as allowing for increased image contrast based on variations in T2 relaxation.46
Transverse relaxation times depend on the rotational correlation time of a substance (i.e. the
molecular tumbling rate). This tumbling rate is affected by the local tissue which gives rise to
different T2 times for different tissues. During a CPMG echo train, the signal strength for water in
tissue with larger T2 values decreases faster than water in tissue with smaller T2 vales. This leads
to regions in the image that are brighter or darker according to the T2 value in the respective tissues.
This contrast between different tissues is what makes MRI so useful for diagnostic imaging.

1.3.2 Contrast agents
The different variations of MRI image acquisition all contain natural contrast based on
differences in T1 and T2 values in different tissues; this contrast can be enhanced to varying degrees
by various parameters in the pulse sequences (e.g., repetition time, echo time).45 However,
sufficient contrast for diagnosis may not be achievable only by varying these parameters. This is
because the natural difference in T1 or T2 relaxation times between normal structures and abnormal
conditions (i.e., tumors, lesions) within the same tissue may not be large enough for diagnosis. In
the 1980’s, compounds that enhanced image contrast became commercially available.47 These
contrast agents are metal complexes injected in the body that alter the local response of nuclei to
produce greater differences in their T1 or T2 relaxation times. Due to the abundance of water within
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the body, and the abundance of protons in fat and protein, these contrast agents are usually
designed to affect protons.
Contrast agents can be classified in various ways, including the route of administration
(intravenous or oral) or based on the relaxation mechanism they affect (longitudinal or
transverse).48 They can also be classified according to the mechanism; specifically, which
relaxation process effects the most. For example, T1 contrast agents are usually paramagnetic Gdbased complexes while T2 contrast agents are usually superparamagnetic complexes made with Fe
or Mn.48
Until recently, Gd3+ complexes dominated the field of contrast agent development due to
the seven unpaired electrons in its electronic structure. Unpaired electrons facilitate proton
relaxation, so maximizing this number is advantageous for increased image contrast.49 Substantial
research has been done investigating the effects of complex size, types of donor groups, and the
efficacy of other transition metals as well as the stability of these compounds.47-49 However, in
2006, a study was published that revealed the negative impact that Gd-based agents may have.50
Specifically, unbound, trivalent Gd can bind and disrupt other biological processes that can be
lethal for patients with certain liver issues.49
Consequently, an emphasis has been put on finding alternatives that employ endogenous
metals (e.g., manganese and iron) to make contrast agents that are more biocompatible. One
intriguing type of compound being investigated as a contrast agent is nanomaterials. As
characterization techniques have improved, so has the ability to study and apply nanomaterials to
medicine.51 In particular, superparamagnetic iron oxides (SPIOs) are being pursued for their
efficacy as T2 MRI contrast agents.52 In total there have been 5 clinically approved MRI SPIO
agents. Among these include Feridex (𝛾-Fe2O3 NPs) and Resovist (Fe3O4 NPs) whose particle
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sizes lie between 120 nm – 180 nm, and 60 nm, respectively.53 Both of these agents have been
specifically approved for liver imaging, as they are retained by Kupffer cells, which are present in
healthy parts of the liver but are not found in areas where lesions are present. This mechanism
allows for a great difference in T2 to be achieved between normal and abnormal parts of the liver,
resulting in improved diagnoses. At present, Resovist is the only iron-oxide nanoparticle (IO NP)
based contrast agent to remain approved; however, preliminary research shows that SPIOs, in
general, can better characterize soft tissue tumors, such as breast tumors.54
The development of safe and effective nanoparticle-based contrast agents requires
optimizing both the magnetic properties and the coating materials of the NP.54 With respect to the
magnetic properties, size plays an important role in terms of how the agent can be administered,
and what mechanism it will have the most impact on. It has been shown that iron oxide
nanoparticles smaller than 5 nm may perform better as T1 contrast agents.52 Thus, there is a lower
limit on the NP size when designing T2 contrast agents. There are also upper limits of size; for
example, when considering method of administration, the size must be < 50 nm for intravenous
use.48 Other size considerations arise due to the rotational correlation time parameter, 𝜏𝑅 , as
discussed below in section 1.3.3.
Dopants offer another way to alter the magnetic properties of iron oxides. Divalent
manganese is a promising dopant when synthesizing NPs due to its high number of unpaired
electrons, natural presence in the body, and relatively short biological residence time.55,56 In
comparison to other doped ferrites, Mn ferrites have higher magnetizations, which directly affect
the performance of the material as a contrast agent.57 Furthermore, for the same sized metal-doped
IO NPs, manganese-doped iron oxides offer the largest increase in T2-weighted images.58
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In regard to coating optimization, biocompatible polymers have been shown to contribute
greatly to the efficacy of these materials through self-assembled clusters.57 The observed T2
relaxation times for clustered nanoparticles are an order of magnitude smaller than their individual
nanoparticle counterparts.59 As transverse relaxation times decrease, the contrast efficiency
increases. Thus, nanoparticle clusters have been demonstrated to yield relaxivities upwards of 200
mM-1 s-1, while nanoparticles range below 150 mM-1 s-1 on average.59 This raises a question: What
additional mechanisms are involved due to the formation of a cluster? To answer this, a brief
description of the general mechanism is required.

1.3.3 Mechanism
Many factors contribute to contrast agent efficiency. The number of unpaired electrons the
metal contains has the greatest effect. Other factors include thermodynamic, kinetic, and structural
considerations.49 The general mechanism for contrast agents was given by Strandberg and
Westlund60 and divides the mechanisms into inner- and outer-sphere effects (Fig. 1-12).49 While
outer-sphere mechanisms typically involve diffusion dependent processes, inner-sphere
mechanisms involve direct and indirect interactions. The efficacy of a contrast agent, referred to
as relaxivity, is inversely related to the relaxation rates T1 and T249:
1
= 𝑟𝑖 [𝐶𝐴]
𝑇𝑖
The 𝑟𝑖 term takes into account the direct coordination between water molecules and the metal
center (𝑞) which is referred to as the first coordination sphere. The indirect interactions
experienced by the metal center due to H-bond moieties is considered the second coordination
sphere, and is represented by r in the following equation:
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Figure 1-12: A depiction of outer-sphere theory.

2
𝐶𝑞𝜇𝑒𝑓𝑓
𝜏𝑐
𝑟1 =
𝑟6
2
where 𝜇𝑒𝑓𝑓
is the effective magnetic moment, C is a constant, and 𝜏𝑐 is the molecular correlation

time. The molecular correlation time depends on several factors including the proton residence
time 𝜏𝑀 , electronic correlation time 𝜏𝑠 , and rotational correlation time 𝜏𝑅 .49
1
1
1
1
= +
+
𝜏𝑐 𝜏𝑠 𝜏𝑀 𝜏𝑅
In particular, it has been demonstrated that large molecules/complexes that have water residence
times below 10 ns have high relaxivities.49 Water molecules also have associated residence times
with the second coordination sphere, but this process is much more complicated since this region
is more of a zone than a sphere.49
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With respect to the outer-sphere mechanism, there are three main regions that have
implications for superparamagnetic nanoparticle-based contrast agents (Fig. 1-13).61 These regions
include the motional averaging regime (MAR), the static dephasing regime (SDR), and the partial
refocusing regime (PRR).61 In general, relaxation rates increase linearly for sufficiently small
particles, which satisfies the motional averaging condition of the MAR. However, as nanoparticle
size increases, the SDR acts as an absolute limit for relaxivity.62 Studies of these regimes have
revealed that maximum relaxivities are achieved when nanoparticles lie in the PRR. This region
acts as a division between the MAR and the SDR, where the relaxivity is dependent upon the
refocusing pulse in the CMPG pulse sequence. 62

Figure 1-13: The three main regimes (MAR, SDR, and PRR) that guide rational design of
superparamagnetic nanoparticle-based MRI contrast agents).61
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While MAR theory has been important in guiding contrast agent development, it fails to
extend from individual magnetic nanoparticles to clustered magnetic nanoparticles. One reason is
that particle size restraints for an effective T2 contrast agent in the various regimes defined by
outer-sphere theory are exceeded by clusters. Recent studies reveal that shape, size, and
penetration behavior of the surrounding water molecules are factors to understanding the cluster
mechanism.59 In particular, the generation of local field inhomogeneity by combining
nanoparticles of different sizes and shapes within a nanocluster has been shown to dramatically
decrease T2 relaxation times of surrounding water protons. The inspiration for exploiting field
inhomogeneity to achieve high T2 relaxivity is based on the effectiveness of T2* decay; therefore,
exploiting local field inhomogeneity offers a rational design for synthesizing highly effective
nanocluster based T2 contrast agents.
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CHAPTER 2: Characterizing the turbostratic disorder in COF-5 with NMR crystallography
2.1 Abstract
Since its initial synthesis in 2005, COF-5 has been known to have intrinsic disorder in the
placement of the 2D layers relative to one another (i.e. turbostratic disorder). Prior studies have
demonstrated that the eclipsed layering found in the space group originally assigned to COF-5
(P6/mmm) is inconsistent with energy considerations. Herein it is demonstrated that eclipsed layers
are also inconsistent with 13C solid-state NMR data. Crystal structure predictions are made in five
alternative space groups and good agreement is obtained in P21/m, Cmcm, and C2/m. We posit that
all three space groups are present within the stacked 2D layers and show that this conclusion is
consistent with evidence from 13C solid-state NMR linewidths and chemical shifts, powder x-ray
diffraction data and energy considerations. An alternative explanation involving a mixture of
multiple pure phases is rejected because the observed NMR spectra don’t exhibit the characteristic
features of such mixed phase materials.

2.2 Introduction
In 2005, Côté et al. introduced a class of porous organic materials described as covalent organic
frameworks (COFs).1 COFs are a unique type of crystalline polymer that self-assembles through
the formation of reversible covalent bonds between monomers. These materials exhibit low
density, high surface area, permanent porosity, and a high degree of long-range order.1 The
structures of COFs are considered to be predictable based on the principles of reticular chemistry
in which a desired topology can be created by an appropriate selection of starting materials. This
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level of control provides a high degree of tunability and has led to the creation of a remarkable
variety of 2D and 3D COFs.2
The distinctive combination of characteristics exhibited by COFs invites an array of
applications that have been vigorously pursued over the past 15 years.3 For example, COFs are
attractive materials for photonic applications due to the long-range alignment of pores between
layers.4 In one study, photon collection was demonstrated using TP-COF while another achieved
photocurrent generation with PPy-COF.5,6 COFs have also been found to be effective catalysts and
numerous catalytic, photocatalytic and electrocatalytic applications have been reported.7-9 A
notable example of COF catalysis employs an imine-based COF to achieve CO2 fixation using a
process that avoids the typical shortcomings (e.g. metal toxicity and product contamination).10
Certain COFs have been found to act as catalysts for C-C coupling reactions, asymmetric Michael
additions, CO2 reduction, and water splitting.11-14 COFs have been demonstrated to be effective
chemo sensory materials (e.g. for chemical threat detection and toxic metal detection), conductive
membranes, and drug delivery agents.15-18 COFs have also been used for the storage and separation
of several greenhouse gases.19,20
The first COFs to be synthesized were designated COF-1 and COF-5.1 Both 2D
frameworks consist of monomers connected through boronate ester linkages and composed
entirely of the light elements B, C, O, and H. The characteristic topology of these COFs consists
of stacked 2D sheets with interlayer interactions dominated by pi-pi stacking.21 The initial
structural studies of COF-1 and COF-5 considered two stacking arrangements: staggered and
eclipsed1 (Figure 2-1). Hundreds of COFs have now been synthesized with the vast majority
reported to crystallize with eclipsed layers.21
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Figure 2-1: An illustration COF structures that pack with layers that are staggered (COF-1, left)
and eclipsed (COF-5, right).
A complication to the proposed eclipsed stacking arrangement of COF-5 was noted in
Côté’s original report1 and involved disorder within the stacking of the 2D sheets (i.e. turbostratic
disorder). This deviation from a single pure crystalline phase was identified from the unexpected
broadening of the (100) and (001) PXRD lines1 which correspond, respectively, to in-plane and
out-of-plane disorder within the 2D layers. This observation led to the consideration of additional
stacking possibilities for 2D COFs.21-24 In 2011, Lukose et. al. simulated various in-plane offsets
between the 2D layers in COF-1, COF-5, COF-6 and COF-8.21 For each structure, the electrostatic
potential energy and energy of formation were determined. This study revealed that these COFs
prefer an offset of approximately 1.4 Å from the eclipsed stacking. The simulated powder x-ray
diffraction (PXRD) patterns for the offset structures are insensitive to this offset and thus remain
consistent with experimental PXRD data. In a related 2012 study, Koo et. al. further explored the
nature of COF stacking by computing potential energy surfaces for 33 2D COFs.23 These surfaces
considered the effects of pi-pi stacking and Coulombic interactions and concluded that none of the
33 frameworks assume a perfectly eclipsed conformation. Instead, these materials adopt offsets
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ranging from 1.5 to 2.8 Å. In the specific case of COF-5, a 1.6 Å lateral offset was predicted, in
good agreement with the 1.4 Å offset proposed by Lukose.21
The occurrence of offsets in stacked 2D COFs, including COF-5, is significant because it
can result in a change in space group designation. Because certain physical properties of a material
are dictated by the space group, such a change can have far reaching implications. 25,26
Unfortunately, such small structural changes in COFs are found to influence the PXRD pattern
(vide infra) only weakly and alternative analytical methods are needed to assign space group.
Solid-state NMR (SSNMR) provides an attractive alternative that is highly sensitive to the local
structure including molecular conformation,27,28 relative stereochemistry,28,29 number of molecules
in the asymmetric unit,30 hydrogen tunneling,31-33 etc. Recent studies have also demonstrated that
SSNMR studies can even assign space group in some materials.34,35 In this report, the influence of
turbostratic disorder on the space group assignment for COF-5 is explored using 13C chemical shift
tensor principal values. These data consist of three shifts per 13C site, denoted as δ11, δ22, and δ33.
The principal values represent shielding in the three orthogonal directions around each 13C site and
have been demonstrated to be highly sensitive to crystal structure.34,35
Because NMR shift tensor data are primarily sensitive to local structure within a few Å of
a given site, lattice structure is usually difficult to obtain solely from NMR. However, crystal
structure can sometimes be obtained if NMR data is combined with crystal structure prediction
(CSP) methods.34,35 The CSP process generates a group of candidate structures in various space
groups and numerous approaches have now been evaluated.36 Because COF-5 is rigid and has
layers composed of extended 2D sheets, the possible variations of the lattice structure are limited
to different arrangements of the 2D sheets with respect to one another. This restriction means that
a CSP process that considers variations in the packing arrangements between the 2D layers is
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sufficient to capture the feasible space group variations. Of equal importance is the fact that the
original PXRD study of COF-5 identified the directions in which the turbostratic disorder occurs
with the most feasible displacement being in the plane parallel to a 2D sheet. Variations in the
distance between the sheets are also known to occur from the broadening of the (001) PXRD peak,
but because the distance between sheets (3.52 Å) is already close to the sum of the van der Waal
radius for two carbons (3.40 Å), much less out-of-plane variation is possible. An illustration of the
possible candidates that can be created by CSP is illustrated in Figure 2-2. All candidates include
offsets in directions parallel to the 2D sheets. This CSP process has been employed in other
materials and found to be effective.37,38 Herein, a reevaluation of the crystal structure of COF-5
was performed by simulating offsets that correspond to the space groups P31m, P21/m, C2/m and
Cmcm. To generate candidate structures, the eclipsed model predicted in the original PXRD study,1
P6/mmm, served as an initial structure. By applying small offsets to one layer with respect to a
second layer in the directions shown in Figure 2-2, 52 candidate structures were generated. A more
detailed description of this process in provided in the Experimental.

2.3 Experimental
COF-5 Synthesis: Synthetic procedure for COF-5 was adapted from Côté et al.1
NMR procedure: The FIREMAT
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C solid-state NMR spectrum was acquired on a

Chemagnetics CMX 200 spectrometer operating at 50.31 MHz for
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C, 200.04 MHz for 1H and

using a PENCIL 5.0 mm probe. Decoupling was achieved with SPINAL-64 1H decoupling, a pulse
duration of 8.9𝜇s and standard phase angles.39 Acquisition parameters include 1H 90° and 13C 180
pulse durations of 3.9 𝜇s and 8.8 𝜇s, respectively, a cross-polarization time of 3.0 ms, and a
spinning rate of 661 Hz. Spectral widths in the evolution and acquisition dimensions were 5.952
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Figure 2-2: An illustration of the space groups created by in-plane displacement of the 2D sheets
relative to one another in the directions shown. Structures in the P6/mmm, Cmcm, P21/m, P31m
and C2/m space groups were evaluated herein.
kHz and 37.037 kHz, respectively. A total of 9 evolution increments were acquired and these were
rearranged using a process described elsewhere40 to create 165 points. Data processing employed
a process described elsewhere.41
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All 13C NMR chemical shieldings were calculated using the structures created by the crystal
structure prediction process described above. Lattice factors were included by utilizing the
software CASTEP and employing employed the GIPAW approach.42,43 The PW91 functional was
employed with a plane-wave cutoff energy of 570 eV and a K-point spacing of 0.07 Å. Shieldings
were converted to chemical shifts using the relationship as described by Klaus Eichele.44

2.4 Results and Discussion
The 13C NMR spectrum of COF-5 shows four unique resonances. A fifth 13C site occurs as a
near degenerate line near C4 that can be identified using an interrupted decoupling experiment.45,46
The
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C shift tensor data for these five sites in COF-5 was obtained using the FIREMAT

experiment.40 The FIREMAT spectrum obtained for COF-5 is illustrated in Figure 2-3. Partial shift
assignments were obtained from an interrupted 1H decoupling experiment which confirmed the
presence of two CH and three quaternary carbons. The quaternary 13C C5 resonance at 127.5 ppm
exhibits a low signal intensity because it represents two carbons that are degenerate due to
symmetry. In contrast, all other resonances represent four or six degenerate sites and thus exhibit
peak intensities significantly larger than C5. The intensity of C5 is further reduced due to its
bonding to a quadrupolar nucleus (i.e., boron).
The 13C shifts were assigned to specific positions by comparing experimental and theoretical
shift tensors computed with lattice-including DFT methods. All possible arrangements of
computed and theoretical tensors were compared and the arrangement giving the best correlation
coefficient was taken as the correct assignment. In each of the 52 candidate structures considered,
the same set of shift assignments gave the best-fit and each was statistically preferred over the
second-best arrangement. Shift assignments are summarized in Table 2-1.
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Figure 2-3: The FIREMAT spectrum of COF-5.

Figure 2-4: An illustration of a pore from a single 2D sheet within the structure of COF-5. The
crystallographic asymmetric unit is shown at the right and results in five unique 13C isotropic
resonances. Measured chemical shift tensor principal values for each 13C site are shown.
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Table 2-1: COF-5
values.

Position

Carbon type

1

CH

133.6 246.0 146.5

8.4

2

Quat.

147.2 231.8 137.4

72.4

3

CH

103.1 176.6 124.5

8.2

4

Quat.

123.8 201.0 172.1

- 1.8

5

Quat.

123.5 217.2 169.0

- 15.8

13

iso.

11

22
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C shift assignments and the corresponding chemical shift tensor principal

High probability crystal structures were selected from among the 52 CSP candidates by
calculating the agreement between theoretical and experimental 13C shift tensors using an approach
described elsewhere.47 The space groups P6/mmm and P31m gave poor agreement with
experimental data with rms errors of ± 8.3 ppm and ± 8.7 ppm, respectively and were therefore
rejected with high statistical confidence (i.e. 90% confidence). The poor fit of these structures can
be attributed to coulomb repulsion, which reaches a maximum when the layers are fully
eclipsed.21,23 In the P31m structure, further repulsion arises from the presence of four hydrogens
which lie out of the ab-plane (see Figure 2-2). This unfavorable interaction results in the largest
error found in any of the candidate structures evaluated.
Among the Cmcm and P21/m candidates, good agreement with experimental data was
observed in 20 of the 23 Cmcm cases with all 20 candidates having statistically equivalent fits at
the 90% confidence level (P = 0.1). Likewise, 23 of the 26 P21/m structures exhibited good
agreement to experiment and were therefore retained. The single best-fit Cmcm and P21/m
candidates had respective offsets of 2.4 Å and 2.2 Å. However, in both cases the region near the
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minimum is very broad with numerus candidates having agreement close to the best fit. As a result,
the offsets identified from energy considerations of 1.4 Å21 and 1.6 Å23 lie within the error of the
NMR best-fit structure. The NMR-based rejection of candidates that remain close to the original
eclipsed configuration (i.e. P6/mmm and P31m) is consistent with the energy considerations
discussed above showing that a slight offset between adjacent layers of COF-5 is energetically
favorable due to a decrease in the coulombic repulsion.21,23
A single C2/m candidate structure was also considered and the predicted NMR data found
to be in close agreement with experimental values with an error of 6.0 ppm. This uncertainty is
statistically indistinguishable from that observed in the Cmcm and P21/m structures. Intriguingly,
the C2/m structure contains hydrogens that lie out of the ab plane, a feature found to be detrimental
in the P31m model. However, the arrangement of the adjacent layers in the C2/m structure have
an offset, apparently alleviating the columbic repulsion. We note that additional candidates for
C2/m are possible involving other offset distances and alternative hydrogen positions but were not
considered in this initial study.
As described above, the NMR agreement of the candidate structures varies considerably
for different space groups and even candidates within the same space group. In contrast, the PXRD
patterns for all 52 candidate CSP structures shows almost no variation. Figure 2-5 illustrates the
PXRD patterns from the five best-fit structures in each space group as selected by the NMR
comparison. In all cases, only negligible differences are present. The NMR error for each CSP
candidate is listed in Figure 2-5 to provide a convenient comparison of the PXRD and NMR
methods. A more extensive comparison that includes all 52 CSP structures is given in Appendix
I, and illustrates that all CSP candidates have nearly identical PXRD patterns.
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Figure 2-5: The experimental powder x-ray diffraction (PXRD) pattern for COF-5 (top) and the
simulated PXRD patterns for the best-fit structures from the five space-groups considered herein.
Additional CSP candidates were also retained, and these have nearly identical XRPD patterns and
are thus included as Supporting Information.
The SSNMR prediction that multiple space groups (i.e. P21/m, Cmcm, and C2/m)
contribute to the overall structure of COF-5 supports the original contention of Yaghi that COF-5
is a material that contains turbostratic disorder.1 Our NMR analysis suggests that this disorder
corresponds to the presence of three distinct space groups, all contained within a given stack of
2D layers and each corresponding to an offset of a particular symmetry. This assumption presumes
that each space group is present in a sufficiently large quantity to influence the measured NMR
tensors, which represent a weighted average of all the phases. This view is supported by the
unusually wide lines in the 13C isotropic spectrum where linewidths that are approximately five
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times wider than those obtained from microcrystalline pure phase materials on the same
spectrometer. This is consistent with the presence of multiple phase all having slightly different
chemical shifts and thus creating a broad line.
It is interesting to consider an alternative hypothesis for the structure of COF-5 in which
the agreement to multiple space groups occurs because the powder consists of several distinct pure
phases which are simply mixed together. Such mixed phase solids can form when the different
phases have similar lattice energies. It is known that the NMR spectra of such solids usually exhibit
at least some unique resonances for each phase and that the resulting spectrum is a superposition
of the individual spectra. Such mixtures display linewidths similar to those observed in a pure
phase material. An illustration such a mixture of two phases is given in Figure 2-6 for the 15carbon flavonoid catechin48,49 In the case of COF-5, the absence of multiple resonances for each
site argues that COF-5 is not a mixture of pure phase solids, but must instead be a result of
turbostratic disorder.

2.5 Conclusions
Prior studies have demonstrated that the P6/mmm space group originally proposed for
COF-5 is inconsistent with energy considerations.21,23 The present study demonstrates that the
P6/mmm structure is also incompatible with
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C NMR shift tensor data. Alternative lattice

structures are proposed in the space groups Cmcm, P21/m and C2/m, with numerous candidates
having excellent agreement with both SSNMR, PXRD data and energy considerations. Because
COF-5 is known to exhibit turbostratic disorder, it is posited that each of the three phases is, in
fact, present within the powder and is therefore encoded in the experimental data. Evidence
supporting this conclusion is found by comparing to recent 13C benchmark data consisting of 309
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Figure 2-6: An illustration of a mixed phase material involving the flavonoid catechin (left). In
the upper plot a region from the spectrum of the pure phase of catechin 4.5 hydrate is shown. The
lower plot shows the development of a second phase consisting of catechin 4.5 hydrate plus
catechin 𝜷-monohydrate that forms upon drying. The creation of new pure phases often creates
new resonances for each site but does not change linewidths of either phase significantly. The
absence of such new resonances in COF-5 is consistent with the conclusion that COF-5 is not a
mixture of pure phase materials.
tensor principal values which shows that the expected error for a pure phase material is
approximately ± 3.3 ppm.47 In contrast the best fit candidate structures for COF-5 have errors of ±
5.7–6.0 ppm. This outcome is consistent with experimental
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C tensor data that represent an

average of differing principal values from three phases. Since the 13C data is an average, none of
the individual phases match exceptionally well, but numerous phases fit reasonably well.
Because COF-5 is the one of the first COFs to be characterized, subsequent work on COFs
has often assumed that these materials primarily form with eclipsed stacking of layers.21 The
present study suggests that COFs having eclipsed structures may be less common than expected
and that a reassessment of 2D COF structures may prove beneficial.
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CHAPTER 3: Synthesis and characterization of Mg2+ and Mn2+ doped iron oxide nanoclusters as
T2 MRI contrast agents.
3.1 Abstract
The toxicity of gadolinium-based contrast agents has become evident in the last 15 years,
particularly for individuals who suffer from renal failure. Compounds containing Mn2+ are feasible
alternatives due to the low toxicity, relatively short biological residence time, and a relatively high
number of unpaired electrons. In this research, Mg2+ Mn2+ iron oxide nanoclusters were
investigated for their potential efficacy as an MRI T2 contrast agent. First, Mg2+ Mn2+ doped iron
oxide nanoparticles were synthesized and characterized using scanning transmission electron
microscopy (STEM). The NPs exhibited a cubic shape with a size range from 4.5 nm – 10.5 nm.
Clusters of these NPs were then formed through self-assembly in the presence of a PEG/PCL
polymer. Cluster formation was confirmed via STEM while dynamic light scattering (DLS)
revealed an average cluster diameter of 220 nm. Finally, relaxation studies were performed and
the relaxivity (r2) of the material was determined as 77 s-1mM-1. This value is comparable to other
nanoparticle- and single micelle cluster-based contrast agents and shows promise as a T2 contrast
agent material.

3.2 Introduction
Magnetic resonance imaging is a non-invasive medical diagnostic technique that has been
employed since the late 1970’s.1 MRI offers advantages over techniques like X-ray and CT,
including clearer images of soft tissue, organs, and ligaments, as well as the use of non-ionizing
radiation.2,3 The contrast observed in MRI images is achieved by exploiting differences in the
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relaxation rates of protons which are influenced by differences in local tissue structure. The relative
contrast of some normal tissues at 3T is represented in Figure 3-1.4 In a T1 -weighted image, a
lower T1 time (defined as the time that it takes for 67% of the longitudinal magnetization to be
recovered) corresponds to a brighter area because those spins are able to relax before the next pulse
more fully. A comparison between muscle and fat T1 times is shown and the difference in zmagnetization between the two tissues is seen to be largest for shorter repetition times.5
Conversely, in T2 weighted images, the spacing between spin echoes is used to exploit the
differences in T2 relaxation to cause tissue with shorter T2 times to appear darker.6 This is also
demonstrated in Figure 3-1 where the signal for muscle is seen to relax faster, and therefore have
a lower signal intensity compared to fat.

Figure 3-1: Effects of shortening T1 and T2 on various structures within the body.
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Still, the natural difference in relaxation times between normal and abnormal conditions,
within the same tissue, may not yield sufficient contrast for a diagnosis. To get around this
limitation, contrast agents were developed.7 These agents enhance image contrast between
different structures in the body by decreasing either the transversal or longitudinal relaxation times
of water molecules in an area of interest. MRI contrast agents are categorized by the type of
relaxation they have the greatest effect on. For example, gadolinium-based paramagnetic
compounds are often used to decrease T1, while superparamagnetic compounds are used to
decrease T2.8
A few decades after Gd-based contrast agents were in wide-spread use, it became apparent
that these contrast agents were more harmful than initially thought. In particular, people with preexisting liver conditions can experience negative health effects, including death, if injected with
Gd-based contrast agents (GBCAs).9 This realization has motivated the recent pursuit of
endogenous metal-based contrast agents. Of these agents, superparamagnetic iron oxides (SPIOs),
have been shown to be very effective at altering T2 relaxation times and are significantly less toxic
than GBCAs,8,10 Many variations of these iron oxide materials can be created with metal cation
substitutions including copper, nickel, zinc, manganese, and bismuth.11-17
The efficacy of a material as a contrast agent is associated with its relaxivity (r1 or r2) value.
The relaxivity of a material is inversely related to its relaxation time, either T1 or T2, respectively:18
1
= 𝑟𝑖 [𝐶𝐴]
𝑇𝑖
Therefore, as relaxation times decrease, the corresponding relaxivity increases and the contrast in
either the T1 or T2 weighted image becomes greater.
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An important factor of a material’s relaxivity, for both molecule and nanoparticle-based
agents, is the number of unpaired electrons in the metal ion.18 This is why trivalent Gd is so
effective - it has 7 unpaired electrons. With iron oxides (IOs), high-spin Fe2+ only has 4 unpaired
electrons, so substituting Mn2+ ions, which has 5 unpaired electrons, for Fe2+ ions increases the
number of unpaired electrons within the nanoparticle. Increasing the paramagnetic content with an
endogenous metal should result in a more effective nanoparticle-based contrast agent that is still
biocompatible.
In addition to metal cation doping, the size, shape, and extent of clustering can be varied.19
Botta et. al. showed that these parameters affect the relaxation times revealed that the mechanisms
for nanoparticle-based contrast agents were significantly different than those for molecular
contrast agents.20 For molecule-based contrast agents, the accepted mechanism involves inner and
outer-sphere theory21 but for nanoparticles and nanoparticle aggregates (nanoclusters), the large
effect on the T2 relaxation of water molecules has been attributed to generation of local field
inhomogeneity.19 Zhou et. al. showed shape anisotropy plays an important role in generating these
inhomogeneous local fields for both individual nanoparticle-based contrast agents as well as
nanocluster-based contrast agents.19
In this research, I synthesized IO clusters co-doped with Mg2+ and Mn2+. I then
characterized these contrast agents and measured their efficiency as T2 MRI contrast agents.
Although Mg2+ does not contain any unpaired electrons, including it in nanoparticles has been
shown to adsorb other divalent metal cations, including Mn+2.22 Incorporating Mg2+ into the
structure may increase the overall stability of the material, which would directly relate to its
biocompatibility.
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3.3 Experimental
Synthetic route
Nanoparticle synthesis: The nanoparticle synthesis (and work-up) was adapted from
Shouheng Sun, et. al.23 In a 100 mL three-neck round bottom flask, 0.1258 g of Mn(acac)2, 0.1089
g of Mg(acac)2, and 0.1847 g of Fe(acac)3, were combined with 1.2926 g of hexadecanediol. The
flask was then evacuated for 30 minutes, then backfilled with N2 gas. The flask was then evacuated
and backfilled twice more, for 15 minutes and then 17 minutes respectively, with a total evacuation
time of approximately 1 hour. 0.8157 g of oleylamine, 0.8510 g oleic acid, and 10.0 mL dibenzyl
ether were added to a small round bottom flask and bubbled with N2 gas for 5 minutes before being
added to the 3-neck round bottom reaction flask under positive N2 pressure. This mixture was
heated under N2 gas at 200 oC for 2 hours then heated at approximately 300 oC (the T varied
between 295 oC and 302 oC ) for an hour. The reaction was then allowed to cool to room
temperature.
Nanoparticle work-up: Once the reaction mixture was cooled, 20.0 mL of ethanol was
added to the reaction flask to precipitate the product; the mixture was distributed among 2
centrifuge tubes. The mixtures were centrifuged for 12 minutes, and the supernatants decanted.
Then, 2.0 mL of hexane, 0.05 mL oleic acid (capping agent), and 0.05 mL oleylamine were added
to each centrifuge tube, and the mixtures were centrifuged for 10 minutes.
To wash the product, 6.0 mL of ethanol was added to each tube and the mixtures were
centrifuged for 15 minutes. Again, the supernatants were decanted, and a 1:10 mixture of
hexane:ethanol was then added to each centrifuge tube and centrifuged for 12 more minutes. This
last step was repeated 3 times. SEM images were used to verify when the compound was
adequately washed.
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Nanocluster formation: The self-assembly of nanoclusters using PEG was adapted from Jian
Lu, et. al.24 PEG (0.0808 g) and the nanoparticle product from the previous step (0.0404 g) were
added in a 2:1 mass ratio to a 20 mL capped vial along with 2.00 mL of tetrahydrofuran (THF). In
a separate 20 mL vial, 2.00 mL of milliQ water was added. As the water-containing vial was
sonicated, a 1 ml syringe with an 18G hypodermic needle was used to transfer the PEG/product
solution to the water-containing vial. Two separate 1.00 mL aliquots of milliQ water were used to
wash any remaining product into the water vial. The vial was capped, and the mixture shaken
overnight (approximately 19 hours) at 120 rpm (Gyrotory Shaker Model G2). The THF was
removed through rotary evaporation. The resulting 2 mL aqueous cluster solution was diluted to 4
mL, resulting in a 10,100 ppm stock solution (with respect to the total NP mass). This stock
solution was used to prepare the samples for the NMR, ICP, and DLS analyses detailed below.

Characterization procedures for nanoparticles
Scanning electron microscopy (SEM) analysis: Following the workup of the nanoparticles
(non-pegylated material), the product was analyzed using a ThermoScientific Apreo C LowVacuum SEM. An aluminum pin specimen mount with carbon tape was used for sample
preparation. Due to the small size of the particles, a silicon wafer on the carbon tape was required.
A glass pipette was used to drop the hexane/product solution of adequate concentration onto the
silicon wafer.
Scanning Transmission electron microscopy (STEM) analysis: An FEI Technai F20 in
Scanning TEM mode was used to characterize the size and shape of the nanoparticles. The same
solution used for the SEM analysis was used for the TEM analysis. A glass pipette was used to
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place a drop of solution onto an ultrathin carbon film on holey carbon support film, with a copper
grid. The hexane solution was allowed to dry overnight.
X-ray diffraction (XRD) procedure: The nanoparticle synthesis produced mm sized blocks of
material that resembled single crystals. One such crystal was harvested under oil in ambient
conditions and placed at the tip of a polyimide loop. X-ray diffraction data at 273 K were collected
using a Bruker D8 Venture single crystal diffractometer with a kappa goniometer, dual Cu and Mo
diamond microfocus X-ray sources, a Bruker Photon-III detector, and an Oxford 800+ low
temperature device. Mo Kα radiation (λ = 0.71073 Å) was used for this experiment.
Initial diffraction images revealed that the ‘crystal’ was polycrystalline with enough crystallites
agglomerated within the ‘crystal’ to produce smooth powder diffraction rings. So, powder
diffraction data were collected between 6 and 100°2θ using the Bruker D8 Venture instrument.
Phi 360 scans were collected with the detector at a distance of 100mm and at three distinct 2θ
positions (28°, 65°, and 79.384°2θ) to produce three sets of images that overlapped by at least
15°2θ. Two images were collected at each 2θ position so that the images could be correlated to
remove / minimize noise. Correlation was performed using a Python script from Bruker. The
correlated images were then merged and integrated using the Bruker APEX3 suite to produce a
1D powder pattern between 6 and 85°2θ. Using the HighScore Plus software package, the
experimental PXRD was matched with an MgFe2O4 pattern (04-015-7027) in the International
Centre for Diffraction Data (ICDD) WebPDF-4+ database.
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Characterization procedures for nanoclusters
TEM analysis: TEM of the clusters was performed in the same manner as the particles, with
two exceptions: first, the solvent used for the clusters was water, and second, the sample was dried
for a minimum of 48 hours to ensure complete solvent evaporation.
Inductively coupled plasma mass spectrometry (ICP-MS) procedure: An Agilent Technology
7800 ICP-MS instrument was used to determine the relative metal ion concentrations in the
clusters. The ICP samples were prepared via serial dilution using the stock solution (see 2.3
Nanocluster self-assembly). Serial dilutions were then performed to yield samples of the following
concentrations: 202.0 ppm, 101.0 ppm, 50.5 ppm, and 25.2 ppm. Due to visible product
precipitation of the 202.0 ppm sample, this sample was sonicated for 20 seconds, and allowed to
settle for 24 hours.
The 25.2 ppm, 50.5 ppm, and 101 ppm samples, along with the supernatant of the 202 ppm
sample were then digested for 3 days with 5% nitric acid in water (v/v). A 20/80 DI:MilliQ water
(v/v) was used for the solution. Seven metal standards and a blank were also prepared. The Mg
standards included 0.005 ppm, 0.010 ppm, 0.100 ppm, 0.500 ppm, 1.00 ppm, 3.00 ppm, and 5.00
ppm. The Mn and Fe standards included 0.100 ppm, 0.500 ppm, 1.00 ppm, 2.00 ppm, 4.00 ppm,
8.00 ppm, and 10.00 ppm.
Nuclear magnetic resonance (NMR) procedure: The NMR analysis was performed using a
Varian Inova 300 MHz spectrometer running OpenVnmrJ 2.1 software. Four solutions were
prepared from the stock solution in the same manner as described in the ICP procedure, except a
90% H2O:10% D2O solution was used as the solvent. The solution concentrations are now with
respect to the paramagnetic ion concentration (Mn+2 and Fe+3) based on the ICP results: 0.015 mM,
0.077 mM, 0.107 mM, 0.161 mM. Due to visible precipitation in the bottom of the NMR tubes for
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the 0.161 mM sample, this sample weas sonicated for 20 seconds, then allowed to settle for 24
hours before collecting relaxation data on the supernatant (synonymous to their ICP preparation).
Three NMR experiments were run for each sample:
1. A standard proton experiment with 8 scans, relaxation delay (d1) of 1 s, a gain of 0,
and an autocalibration of the 90° pulse width (which is inherited by the following
experiments).
2. An inversion recovery experiment to measure T1 with 4 scans, d1 of 15 s, and a range
of recovery delays between 1 ms and 21 ms.
3. A CPMG experiment to measure T2 analysis with 4 scans, d1 set to 5 times the value
of T1 measured in the previous experiment (typically near 15 s). The spacing, total time,
and number of echoes can be found for each sample in Appendix II. The T1 and T2
analysis was performed using the analysis tool built-in to OpenVnmrJ.
4. A similar procedure was followed to determine the T2 relaxation times of the
commercially available gadolinium-based contrast agent at the following paramagnetic
ion concentrations:0 mM, 0.013 mM, 0.066 mM, 0.133 mM, 0.266 mM, and 0.532
mM. See Appendix II for full experiment details.
Dynamic light scattering (DLS) procedure: A 0.015 mM paramagnetic ions (Mn+2 + Fe+3)
aqueous solution was prepared from the stock solution for the DLS analysis. The data was collected
at 25 °C using a Malvern Zetasizer Nano-ZS two twice weekly for 5 weeks.

3.4 Result and Discussion
Iron-oxide nanoparticles doped with Mg2+ and Mn2+ were synthesized and evaluated for their
potential use as an MRI T2 contrast agent. Although the size of the nanoparticles approached the
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limits of detection, SEM provided a relatively quick verification of their presence and revealed
topographic information (Figure 3-2). The images show that the nanoparticles are adsorbed to large
sheets; these sheets are most likely excess oleic acid (OA), which was used as a capping agent for
the nanoparticles. Scanning TEM images revealed monodispersed, cubic nanoparticles (NPs),
where a range in size between 4.5 nm - 10.5 nm was determined based on several areas of the grid
(Fig. 3-3).

Figure 3-2: SEM images for the Mg+2 and Mn+2 doped IO nanoparticles at various magnifications.
To determine the crystal structure of the nanoparticles, XRD was used. While the
nanoparticles are not single crystals, as the solvent evaporates the NPs yield mm-sized
polycrystalline agglomerates suitable for analysis by XRD. The XRD data acquired for the cubic
nanoparticles is shown in Figure 3-4 and compares well with the diffraction pattern for MgFe2O4
(blue) from the ICDD, both in relative peak intensity and peak position at all angles over the given
range and agrees with literature for substituted ferrites.25,26 In general, divalent metal substituted
ferrites (where the Fe2+ is partially substituted) have a cubic spinel structure and belong to the
space group 𝐹𝑑3𝑚.25,26 Both divalent and trivalent metal cations are present and can occupy
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Figure 3-3: Scanning TEM images of the Mg+2 and Mn+2 doped IO nanoparticles.

tetrahedral and octahedral sites within the lattice.27 With respect to Mn and Mg ferrites, the divalent
Mg and Mn and trivalent Fe cations randomly occupy both sites, classifying it as a mixed spinel.27
Once the morphology of the nanoparticles was characterized, they were combined with a
PEG/PCL block copolymer to yield self-assembled nanoclusters, whose existence was verified
through Scanning TEM. ). The clusters demonstrated amorphous shapes, which is likely the result
of the anisotropic shape of the constituent cubic NPs.19 Similar to the clusters presented by Lu et
al,24 the size range of the well-dispersed clusters varied from 50 nm to 150 nm (Fig. 3-5 a-c), with
aggregates up to 400 nm (Fig. 3-5 d). The average size of the clusters obtained from DLS
measurements was 220 nm, which lies in the range obtained from the TEM data considering both
individual and aggregated clusters. Additionally, the maximum of the size distribution remained
constant at approximately 220 nm for 98 days after synthesis, which shows colloidal stability for
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Figure 3-4: Powder X-ray diffraction pattern obtained from powder diffraction pattern of the
nanoparticles (purple) compared to a MgFe2O4 diffraction pattern (blue) from the ICDD database
(04-015-7027).
at least several months (Table 3-1, Figure 3-6).
Finally, the efficacy of the IO nanoclusters as a potential MRI contrast agent was
determined through relaxation studies. Since the clusters presented in this work were designed to
alter T2, the r2 value was determined. To do so, the T2 relaxation times of water molecules were
measured with several concentrations of nanocluster present in solution (Table 3-2). The transverse
relaxivity, r2, value was determined from the slope of the graph of 1/T2 versus concentration
(Figure 3-7) and is 77 s-1mM-1.
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Figure 3-5: Scanning TEM images of individual Mn+2 Mg+2 iron oxide nanoclusters (a-c) as well
as aggregates of clusters (d).
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Day #

Average Size (nm)

Day #

Average Size (nm)

62

238.2

80

230.3

66

223.7

84

237.4

70

219.2

87

238.8

73

238.5

91

232.5

77

236.5

98

233.2

Table 3-1: Average cluster size obtained from DLS data over a period of 1 month. The day number
is relative to the time after cluster formation.

Figure 3-6: DLS measurements of the size distribution of the IO nanoclusters.
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Concentration (mM)

T2 (ms)

0.015

189.0

0.077

101.9

0.106

82.97

0.161

60.24

Table 3-2: T2 relaxation data obtained for NC solutions at several concentrations.

Figure 3-7: Experimentally determined relaxivity of NC contrast agent.

The clusters presented in this work compare reasonably with other doped Mg2+ ferrite
nanoparticles and single micelle clusters, which have r2 values ranging from 58 to 85 mM-1s-1.11,1315

However, when compared to clusters of spherical Mn2+ ferrite nanoparticles of similar size and

clustered with the same polymer24 (r2 of 270 s-1mM-1), the observed relaxivity is less. This was
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initially puzzling since it was reported that shape anisotropy and clustering both offer significant
effects on lowering the T2 of water protons.19 Several factors appear to contribute to the lower r2
value determined for the Mn2+ Mg2+ ferrite nanoclusters. First, the clusters have a tendency to
aggregate. While well-dispersed clusters have been demonstrated to offer significant effects on T2
times, aggregates of these clusters would limit the water-accessible surface and have a negative
impact on the relaxivity value.
Finally, a commercially available gadolinium contrast agent was obtained and compared
to the nanoclusters. The T2 of water protons in the presence of the Gd complex from 0.013 mM to
0.53 mM (paramagnetic ion concentration) is presented in Table 3-3 and the relaxivity value
determined as 10.5 s-1mM-1 (Figure 3-8). While this comparison is not entirely fair since the Gdbased agent is optimized for T1 contrast, this was the only type of agent that could be obtained for
comparison studies. Still, this comparison demonstrates that the nanocluster material presented
here does in fact target T2 relaxation times.
Concentration (mM)

T2 (s)

0.013

3.496

0.066

1.679

0.133

0.842

0.266

0.389

0.532

0.177

Table 3-3: T2 relaxation data obtained on a 300 MHz spectrometer.
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3.5 Conclusion
Doping iron oxide nanoparticles with endogenous metal ions shows promise for making MRI
contrast agents both effective as well as more biocompatible. The work presented here involved
the synthesis and characterization of Mg2+ Mn2+ IO nanoparticles which were used to form
nanoclusters using a PEG/PCL block copolymer. The existence, size, and morphology of both the
individual nanoparticles as well as the nanoclusters were determined using SEM and STEM
techniques. The nanoparticles exhibited cubic morphologies, with a diameter range between 4.5
nm to 10.5 nm while the average diameter of the clusters made from them was about 220 nm and

Figure 3-8: Experimentally determined relaxivity of commercial Gd T1 contrast agent. The
concentration here was based off Gd metal concentration.
is in good agreement with the size of similar preparations.24
The Mn2+ Mg2+ iron oxide nanoclusters were then tested for their efficacy as an MRI T2
contrast agent and demonstrated a relaxivity of 77 s-1mM-1 at a magnetic field strength of 300 MHz.
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This value is comparable to other nanoparticle- and single micelle cluster-based contrast agents
which have relaxivities ranging from 58-85 mM-1s-1. However, this is smaller than that observed
in similar nanoclusters of doped ferrites (270 mM-1s-1).16,24
Overall, the characterizations and NMR studies presented here serve as the first step in
demonstrating that this type of doped IO material may be optimized to be both an effective and
biocompatible T2 MRI contrast agent.
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CHAPTER 4: Conclusion
The work presented in this dissertation focused on techniques rooted in the principles of
magnetic resonance applied to the characterization of materials. In the first half of this work, solidstate NMR was used to re-evaluate the crystal structure of COF-5. The original space group
assigned to COF-5 was hexagonal (P6/mmm). However, doubts regarding the highly symmetric
nature of the framework were pointed out in the original publication due to the broad lines of the
100 and 001 peaks in the PXRD pattern.63 Furthermore, theoretical simulations were not consistent
with this proposed space group.64-66 Using solid-state NMR analysis of COF-5 in conjunction with
crystal structure prediction methods, the original space group proposed for COF-5 was rejected
with over 90% confidence. Simulated NMR shift tensors for 52 candidate structures in 5 space
groups provided a reasonable fit for several different offsets between adjacent layers in both the
orthorhombic and monoclinic space groups. This is some of the first experimental evidence that
rejects the currently adopted space group P6/mmm, while simultaneously demonstrating the
presence of turbostratic disorder within individual crystallites of COF-5. Many proposed
applications for materials similar to COF-5 rely on pore size. We expect that these results will have
implications regarding the efficiency of COF-5 for these proposed applications.
In the second half of this work, relaxometric studies were carried out using solution-state
NMR. The goal of this research was to investigate doped iron-oxide nanoclusters as a potential
MRI T2 contrast agent. The agent was synthesized, characterized, and then its effect on the
transverse relaxation time of water protons was measured. Specifically, I used divalent manganese
and magnesium to produce doped ferrite nanoparticles with a generalized composition of
MgxMnyFezO4 NPs. Although Mg2+ is diamagnetic, I included it in the material based on previous
reports that Mg ferrite adsorbs divalent metal cations, which may improve the stability of the
64

nanoparticles. I then formed clusters from the nanoparticles and observed a relaxivity value of 77
mM-1s-1. Similar nanocluster- and micelle-based materials for T2 contrast agents have relaxivities
in the range of 58-85 mM-1s-1, so these results are promising. However, similar Mn+2 doped SPIO
nanoclusters of comparable size and polymer coating demonstrated a relaxivity of 270 s-1mM-1.
Cluster aggregation and a high presence of surface Mg+2 may be impacting the efficacy of the
material. When compared to a commercially available Gd-based contrast agent, my nanoclusters
were more effective at lowering T2, consistent with literature. This work demonstrated some of the
effects of including Mg2+ into iron oxide nanoparticles for MRI contrast agent application.
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APPENDICES I: COF-5
Geometry optimization of candidate crystal structures.
A total of 52 candidate crystal structures were modeled for COF-5. The space group
P6/mmm served as the first model. Forcite calculations were performed to determine the cell
parameters for this model followed by CASTEP geometry optimization using the PBE functional.
The convergence criteria for this structure are as follows: Energy: 0.01 eV/atom, Max force: 0.3
eV/Å , Max step: 3 GPa, Max displacement: 2 Å, 800 iterations, BFGS algorithm. Electronic
criteria include an energy cutoff of 55eV, SCF tolerance of 0.01 eV, 800 iterations, fixed
occupancy, Γ- point only, and ultrasoft pseudopotentials. Two electronic calculations were run.
The first used a 3x3x3 M-P grid followed by another calculation with a 6x6x6 M-P grid. Tables 1
and 2 show the offsets that were applied to the geometry and energy minimized P6/mmm structure
to yield the various Cmcm and P21/m offset structures.

NMR data acquisition and computation
FIREMAT acquisition
The FIREMAT analysis was performed on a CMX-200 Chemagnetics spectrometer
operating at a

13

C frequency of 50.307 MHz. The spectrum was acquired with SPINAL-64

decoupling with a 1H frequency of 50.302 MHz. Data was collected at a spinning speed of 661 Hz
using a 5.0 mm PENCIL rotor. Spectral widths of 5.9 and 37.0 kHz were employed in the evolution
and acquisition dimensions, respectively. A total of nine evolution increments were acquired
consisting of 2688 scans each with a 6.0 s pulse delay for an overall analysis time of 40.3 h. Other
parameters include a 1H 90 pulse duration of 3.0 s, a 13C 180 pulse duration of
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Number

⃑ (Å)
𝒒

Number

⃑ (Å)
𝒒

0

0

9c

1.780791

1

0.202158

10a

1.789634

2

0.401299

11

1.800640

3

0.600194

11a

1.811594

4

0.800182

12

1.899524

5

1.001894

13

2.000648

6

1.199647

14

2.201657

7

1.398976

15

2.400898

8

1.600587

16

2.601215

9

1.699550

17

2.800035

9a

1.720149

18

2.999803

9b

1.760763

19

3.199568

Table AI-1: Offsets for the 24 Cmcm candidate structures.

6.5 s and a cross-polarization time of 3.0 ms. The spectrum was externally referenced by
assigning the methyl resonance of hexamethyl benzene a shift value of 17.35 ppm. The data
acquired were processed using a process described elsewhere.
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Number

⃑ (Å)
𝒒

Number

⃑ (Å)
𝒒

0

0

10

1.787033

1

0.198645

10a

1.795853

2

0.399541

11

1.806829

3

0.599020

11a

1.817754

4

0.794773

11b

1.867353

5

0.997529

12

1.907564

6

1.195955

13

2.006362

7

1.395762

14

2.206991

8

1.597730

15

2.407698

9

1.616991

16

2.607698

9a

1.717461

17

2.806205

9b

1.755887

18

3.007272

9c

1.775960

19

3.206778

Table AI-2: Offsets for the 26 P21/m candidate structures

Dipolar dephasing acquisition
The protonated and non-protonated 13C sites in COF-5 were identified by interrupting 1H
decoupling for 25 s immediately before data acquisition during a cross-polarization/magic
angle spinning experiment. Spinning speed for this analysis was 4.0 kHz. All other parameters
are as described in for FIREMAT analysis.
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NMR CASTEP calculations
NMR shielding tensor calculations were performed using the program Materials Studio
with the CASTEP package. The shielding tensors were converted to shift tensors using the
method described by Klaus Eichele. Briefly, both experimental shift tensors and theoretial
shielding tensors were obtained accordingly. The computed shielding tensors are translated to
shift tensors through a relationship between shielding and shift in icosahedral space. Since a
reference to compare framework material shifts has not been established, the best fit among the
COF-5 data was used as an internal comparison. The NMR RMS data had good fits with 90%
confidence ranging from 5.7-6 ppm, which seem to be reasonable values.

Figure AI-1: Correlation data for COF-5.
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Figure AI-2: Comparison of all Cmcm candidate structures with corresponding NMR fits.

Figure AI-3: Comparison of all P21/m candidate structures with corresponding NMR fits.
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APPENDICES II: MRI CONTRAST AGENT
The following data is a collection of syntheses and characterizations for various doped
nanoparticles/nanoclusters with Mn+2 and Mg+2. While most of these did not get included directly
in Chapter 3, they were important for referencing throughout the research and may provide
reference for some of the issues (i.e., charging) that I encountered frequently.

SEMs for various syntheses of divalent metal-doped ferrite nanoparticles.

Figure AII-1: Sample from GMP-I-41. Mn+2 and Fe+3 were added in a 1:2 mole ratio.
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Figure AII-2: Sample from GMP-I-41. Mn+2 and Fe+3 were added in a 1:2 mole ratio.

Figure AII-3: Sample from GMP-I-41. Mn+2 and Fe+3 were added in a 1:2 mole ratio.
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Figure AII-4: Sample from GMP-I-41. Mn+2 and Fe+3 were added in a 1:2 mole ratio.

Figure AII-5: Sample from GMP-I-75. Mn+2 and Fe+3 were added in a 1:2 mole ratio. The NPs
are adsorbed to OA sheets.
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Figure AII-6: Sample from GMP-I-75. Mn+2 and Fe+3 were added in a 1:2 mole ratio.

Figure AII-7: Sample from GMP-I-84. Mn+2, Mg+2, and Fe+3 were added in a 1:1:2 mole ratio.
The actual amount of Mg+2 present based on ICP was extremely low relative to the Fe+3 (1:37).
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Figure AII-8: Sample from GMP-I-128. Mn+2, Mg+2, and Fe+3 were added in a 1:1:1 mole ratio.
The clarity of the image becomes increasingly poor as the amount of excess OA increases due to
the electron beam charging the OA molecules .

Figure AII-9: Sample from GMP-I-128. Mn+2, Mg+2, and Fe+3 were added in a 1:1:1 mole ratio.
The excess OA causes intense charging, leaving residue on the image.
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Figure AII-10: Sample from GMP-I-128. Mn+2, Mg+2, and Fe+3 were added in a 1:1:2 mole ratio.
The large sheets make it difficult to identify the nanoparticles.
STEMs for various syntheses of divalent metal-doped ferrite nanoparticles:

Figure AII-11: Sample from GMP-I-41. Mn+2 and Fe+3 were added in a 1:2 mole ratio. Octahedral
shaped particles are identified here. No clusters were made for this sample.
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Figure AII-12: Sample from GMP-I-128. Mn+2, Mg+2, and Fe+3 were added in a 1:1:2 mole ratio.

Figure AII-13: Sample from GMP-I-128. Mn+2, Mg+2, and Fe+3 were added in a 1:1:1 mole ratio.
The NPs are monodispersed.
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Figure AII-14: Sample from GMP-I-84. Mn+2, Mg+2, and Fe+3 were added in a 1:1:2 ratio. The
nanoparticles had a more spherical shape in this synthesis.
STEMs for various syntheses of Mn2+ and Mg2+ doped ferrite nanoclusters:

Figure AII-15: STEM images of nanoclusters from GMP-I-94 (made from nanoparticles from
GMP-I-84).
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Figure AII-16: STEM images of nanoclusters from GMP-I-94. The zoomed out image (left)
shows many individual nanoclusters as well as agglomerates of the clusters (bright top and bottom
left edges).The image on the right shows an elarged area of agglomerated nanocluster. The light
grey spots on both images are a result of carbon deposition from the elctron beam.

Figure AII-17: DLS data obtained over a period of 38 days for the clusters presented in CH 3.
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EDX data for GMP-I-84
An EDAX Phoenix system with detector model Tecnai CM, 136-5 was used to verify the
presence of Mn, Mg, Fe, and O before and after cluster formation. While EDX can be used to
quantify the relative amounts of metals present in the NPs, due to the small size of the individual
particles, EDX mainly served as a qualitative form of analysis. The software used to process the
images is TIA (Tecnai Imaging and Analysis)

Figure AII-18: EDX data for control, small particle, and large particle of Mn iron oxide (GMP-I84).
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Figure AII-19: Representative EDX data of a cluster made from Mn ferrite nanoparticles (GMPI-94).

Figure AII-20: EDX of cluster sample made from GMP-I-84. The grey spot is due to carbon
deposition.
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The following tables detail the parameters for the Inversion Recovery and CPMG experiments for
T1 and T2 determination, respectively.

Concentration

T1 (s)

Error1 (s)

T2 (s)

Error2 (s)

0.015 mM

3.06

0.0446

0.189

0.00444

0.077 mM

3.5

0.176

0.102

0.00454

0.107 mM

3.3

0.0608

0.083

0.00339

0.161 mM

3.35

0.135

0.0602

0.00317

Table AII-1: List of T1 and T2 values for the IO nanocluster solutions with the associated error.
Concentration

T1 min (s)

T1 max (s)

d11 (s)

T2 min (s) T2 max (s) d12 (s)

0.015 mM

0.01

2.0

15

0.01

0.5

15

0.077 mM

0.01

3.0

15

0.01

0.5

15

0.107 mM

0.01

3.5

15

0.001

0.3

15

0.161 mM

0.01

3.5

15

0.01

0.5

15

Table AII-2: Parameters for the Inversion Recovery and CPMG experiments for the IO
nanocluster solutions. The total τ for the CPMG experiment for all solutions was 964.8 𝝁s before
and after a 20.4 𝝁s 180° pulse.
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0.015 mM

0.077 mM

0.107 mM

0.161 mM

0.00125

0.00125

0.125

0.0125

0.0025

0.0025

0.25

0.025

0.005

0.005

0.5

0.05

0.01

0.01

1

0.1

0.02

0.02

2

0.2

0.04

0.04

4

0.4

0.08

0.08

8

0.8

0.16

0.16

16

1.6

0.32

0.32

-

3.2

0.64

0.64

-

6.4

1.28

1.28

-

12.8

2.56

2.56

-

-

5.12

5.12

-

-

10.24

10.24

-

-

-

20.48

-

-

Table AII-3:The range of inversion recovery delays for the different IO nanocluster solutions.
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0.015 mM

0.077 mM

0.107 mM

0.161 mM

0.00125

0.00125

0.000125

0.00125

0.0025

0.0025

0.00025

0.0025

0.005

0.005

0.0005

0.005

0.01

0.01

0.001

0.01

0.02

0.02

0.002

0.02

0.04

0.04

0.004

0.04

0.08

0.08

0.008

0.08

0.16

0.16

0.016

0.16

0.32

0.32

0.032

0.32

0.64

0.64

0.064

0.64

1.28

1.28

0.128

1.28

-

-

0.256

-

-

-

0.512

-

-

-

1.024

-

Table AII-4: The range of CPMG delays for the various IO nanocluster solutions.
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Concentration

T1 (s)

Error1 (s)

T2 (s)

Error2 (s)

0.013 mM

0.205

0.0419

3.5

0.272

0.066 mM

0.269

0.0546

1.68

0.176

0.133 mM

0.314

0.0501

0.841

0.0687

0.266 mM

0.271

0.0204

0.388

0.0178

0.532 mM

0.155

0.00438

0.177

0.0049

Table AII-5: List of T1 and T2 values for the GBCA solutions with the associated error.
Concentration

T1 min (s) T1 max (s) d11 (s)

T2 min (s) T2 max (s) d12 (s)

0.013 mM

0.1

4

20

0.01

0.5

1.5

0.066 mM

0.01

1

5

0.02

0.6

1.5

0.133 mM

0.01

0.5

2.5

0.02

0.7

3.5

0.266 mM

0.01

0.5

2.5

0.01

0.6

3.0

0.532 mM

0.01

4

16

0.01

0.3

1.0

Table AII-6: Parameters for the Inversion Recovery and CPMG experiments for the GBCA
solutions. The total τ for the CPMG experiment for all solutions was 963.5 𝝁s before and after a
23 𝝁s 180° pulse.
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0.013 mM

0.066 mM

0.133 mM

0.266 mM

0.532 mM

0.0125

0.00125

0.00125

0.00125

0.0125

0.0.025

0.0025

0.0025

0.0025

0.025

0.05

0.005

0.005

0.005

0.05

0.1

0.01

0.01

0.01

0.1

0.2

0.02

0.02

0.02

0.2

0.4

0.04

0.04

0.04

0.4

0.8

0.08

0.08

0.08

0.8

1.6

0.16

0.16

0.16

1.6

3.2

0.32

0.32

0.32

3.2

6.4

0.64

0.64

0.64

6.4

12.8

1.28

1.28

1.28

12.8

25.6

2.56

2.56

2.56

25.6

-

5.12

-

-

-

Table AII-7: The range of inversion recovery delays for the different GBCA solutions.
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0.013 mM

0.066 mM

0.133 mM

0.266 mM

0.532 mM

0.00125

0.0025

0.0025

0.0025

0.00125

0.0025

0.005

0.005

0.005

0.0025

0.005

0.01

0.01

0.01

0.005

0.01

0.02

0.02

0.02

0.01

0.02

0.04

0.04

0.04

0.02

0.04

0.08

0.08

0.08

0.04

0.08

0.16

0.16

0.16

0.08

0.16

0.32

0.32

0.32

0.16

0.32

0.64

0.64

0.64

0.32

0.64

1.28

1.28

1.28

0.64

1.28

2.56

2.56

2.56

1.28

Table AII-8: The range of CPMG delays for the various GBCA solutions.

Metal ion

50.5 ppm

101 ppm

202 ppms

404 ppms

Mg

1.2

1.08

4.7

5.9

Mn

1

1

1

1

Fe

2

1.58

1.8

1.8

Table AII-9: Relative Mg, Mn, and Fe mole ratios determined for the lower concentration
solutions.
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